We proposed a refractive index (RI) sensing method with temperature compensation by using an optical frequency comb (OFC) sensing cavity employing a multimode-interference (MMI) fiber, namely, the MMI-OFC sensing cavity. The MMI-OFC sensing cavity enables simultaneous measurement of material-dependent RI and sample temperature by decoding from the comb spacing frequency shift and the wavelength shift of the OFC. We realized the simultaneous and continuous measurement of RI-related concentration of a liquid sample and its temperature with precisions of 1.6×10
Introduction
Refractive index (RI) is an important physical quantity of materials. Furthermore, RI is a useful parameter for the characterization and identification of materials, such as for the determination of the concentrations of liquid solutions [1] , molecular identification [2] and biosensing [3] . The fiber-based RI sensor is a powerful means for RI measurement because of its compactness, simplicity, flexibility, noise robustness and availability in various environments and has been applied in many applications in sucrose sensing [4] , gas pressure sensing [5] and biomolecule sensing [6] . In the conventional RI fiber sensors, which are based, for example, on surface plasmon resonance (SPR) [7] , interference with a core-offset fiber [8] or multimode interference (MMI) [9] , the change of RI is measured by a shift of transmitted optical spectrum.
However, the sensitivity of the conventional RI sensing is limited due to the limited spectral bandwidth of a light source and spectral resolution of a spectrometer.
To overcome this issue, RI fiber sensors based on radio-frequency (RF) signal measurement have been developed, in which the RI is retrieved by an RI-dependent optical beat signal generated using, for example, fiber Bragg gratings (FBGs) [10] , Fabry-Perot interferometers [11] , and chip-scale microring resonators [12] . To obtain a high-quality optical beat signal for highly sensitive RI measurement, we recently proposed an optical-frequency comb (OFC)-based RI sensor [13] . The OFC [14] [15] [16] is regarded as a group of a vast number of phase-locked narrowlinewidth continuous-wave (CW) light sources with a constant frequency spacing of frep (typically, 50-100 MHz) over a broad spectral range. The OFC is widely applied for high precision spectroscopy or measurement; for instance, atomic spectroscopy [16] , gas spectroscopy [17] , solid spectroscopy [18] , spectroscopic ellipsometry [19] , strain sensing [20, 21] , ultrasonic-wave sensing [22] , distance measurement [23, 24] , optical microscopy [25] [26] [27] [28] , and 3D shape measurement [29] . -4- On the other hand, the OFC has an interesting feature: a photonic RF conversion function in a fiber OFC cavity. Our previous study [13] revealed that the OFC-based RI sensing can achieve an RI resolution of 4.88×10 -6 RIU and RI accuracy of 5.35×10 -5 RIU by the combination with an MMI fiber sensor incorporated in the OFC cavity, namely, an MMI-OFC sensing cavity, which has accomplished an equivalent or higher sensitivity compared to the conventional RI-sensing fiber sensor.
Although the highly sensitive RI measurement was realized based on the MMI-OFC sensing cavity, further improvements of the sensitivity and stability of RI measurement was expected if the sample temperature fluctuation was stabilized or monitored. This is because the RI of a sample is dependent on the temperature of the sample, and the instability of the fiber structure at the sensing region due to temperature fluctuations led to the instability of RI measurement with the MMI-OFC sensing cavity.
In this study, to improve the RI measurement with the MMI-OFC sensing cavity, we realized simultaneous measurement of temperature with the same configuration of MMI-OFCsensing cavity for RI measurement by simultaneous monitoring of an optical spectral shift in the optical frequency region and a comb spacing shift in the RF region of the OFC. We confirmed the fundamental sensitivity of the MMI-OFC sensing cavity depending on sample temperature and RIrelated concentration of a liquid sample. Furthermore, we demonstrated simultaneous and continuous measurement of temperature and RI-related concentration of a liquid sample. Figure 1 shows the configuration of an MMI-OFC sensing cavity. The MMI-OFC sensing cavity is comprised of a fiber OFC ring cavity with an intracavity MMI fiber sensor. The -5- intracavity MMI fiber sensor acts as a RI-dependent tunable optical bandpass filter (bandpass center wavelength = lMMI). Thus, the optical spectrum of the OFC shows the RI-dependent shift owing to the intracavity MMI fiber sensor, namely, lMMI shift (∆λMMI).
Principle operation
On the other hand, the OFC exhibited the comb-tooth-like ultradiscrete multimode spectrum with a constant frequency spacing frep given by, where c is the speed of light in vacuum, n is the group RI of the cavity fiber, and L is the geometrical length of the fiber cavity. Since frep is determined by the optical cavity length nL, it is sensitive to the cavity disturbance changing nL; in other words, frep can be used for quantitative analysis of a physical quantity acting as the cavity disturbance. The intracavity MMI fiber sensor will change the optical cavity length at the intracavity MMI fiber sensor and the group RI of the cavity fiber owing to the spectral shift of the OFC, leading to the RI-dependent frep shift, namely,
∆frep.
lMMI and frep are shifted by a temperature change of a sample because the temporal change leads to a change of sample RI and/or changes of RI and geometrical shape in the MMI sensor fiber. Thus, by observing ∆λMMI and ∆frep, we consider realizing the simultaneous measurement of the RI and sample temperature as follows,
where ∆C and ∆T are RI-related sample parameters, i.e., concentration and sample temperature, respectively. The coefficient matrix is comprised of the slope coefficients between ∆λMMI or ∆frep
Δf rep
and ∆C or ∆T. From Eq. 2, if the coefficient matrix is regular, one can determine ∆C and ∆T from the simultaneous measurement of ∆λMMI and ∆frep and the inverse matrix calculation of them.
To demonstrate the MMI-OFC sensing cavity with the temperature compensated RI sensing, a custom-built ring-cavity erbium-doped fiber (EDF) laser with an intracavity MMI fiber sensor, which was mode-locked by a nonlinear polarization rotation technique, was employed as an OFC generator (the fundamental comb spacing or repetition rate, 43 MHz; the center wavelength, 1555 nm; and the spectral bandwidth, 15 nm). The intracavity MMI-fiber sensor was made with a core-less multimode fiber (MMF, the core diameter, 125 µm; the length, 58 mm, FG125LA, Thorlabs) spliced with single-mode fibers (SMF-28-100, Thorlabs) at each terminal.
The intracavity MMI-fiber sensor was sunk in a liquid sample with a glass tube. The glass tube had an inlet port and an outlet port to externally change and stir the liquid sample. ∆λMMI or ∆frep were obtained with an optical spectrum analyzer (OSA, AQ6315A, Yokogawa Electric Corp.), an RF spectrum analyzer (RFSA, E4402B, Keysight Technologies), or an RF frequency counter (53230A, Keysight Technologies). 
Results

Temperature dependencies of ∆λMMI and ∆frep in the MMI-OFC sensing cavity
We Hz/ºC for 15% v/v%, respectively. Thus, the mean slope coefficient, namely, ∂frep/∂T, was found to be -20.46 Hz/ºC. An opposite sign of slope coefficient between the temperature-dependent ∆λMMI and ∆frep was obtained. Figure 3a shows the concentration-dependent optical spectra of the MMI-OFC sensing cavity at a constant temperature of 26ºC. Figure 3b shows the relation between sample concentration and ∆λMMI with respect to different sample temperatures. We confirmed the concentration-dependent increase of ∆λMMI. The slope coefficients between temperature and ∆λMMI were determined to be 0.029 nm/% v/v for 26.0ºC, 0.034 nm/% v/v for 27.0ºC, 0.028 nm/% v/v for 28.0ºC, and 0.035 nm/% v/v for 29.0ºC. Thus, the mean slope coefficient, namely, ∂λMMI/∂C, was obtained to be 0.0315 nm/% v/v. Figure 3c shows the concentration-dependent RF spectra of the MMI-OFC sensing cavity at a constant temperature of 26ºC. Figure 3d shows the relation between sample concentration and ∆frep with respect to different sample temperatures. We confirmed the temperature-dependent decrease of ∆frep. The slope coefficients between temperature and ∆frep were determined to be - 
Simultaneous measurement of temperature and concentration of a liquid sample
To highlight the proposed method, we demonstrated simultaneous measurement of temperature and RI-related concentration of an ethanol/water solution. We first increase the temperature of a sample stepwise from 26.5ºC to 29.0ºC by a heater attached to the liquid sample tube under a constant ethanol concentration of 0% v/v. We also gently stirred the sample by flowing it in and out using a syringe after changing the temperature to achieve a uniform temperature of the sample. 
with a pipette under a constant temperature (26.0ºC). We also gently stirred the sample by flowing it in and out using a syringe after the ethanol application to achieve a uniform sample concentration.
As shown in Figs. 5a and 5b, we clearly confirmed the concentration-dependent ∆λMMI increase and ∆frep decrease. Then, we determined ∆C and ∆T by substituting the measured ∆λMMI and ∆frep We finally changed both the concentration and temperature of a sample. The protocol of the experiment is as follows:
The ethanol concentration and temperature were initially set to 0% v/v and 27.0ºC, respectively.
[2] The ethanol temperature and concentration were simultaneously increased by 0.5ºC and 2.5% v/v, respectively.
[4] The ethanol temperature and concentration were simultaneously increased by 1.0ºC and 2.5% v/v, respectively.
[5] The ethanol concentration and temperature were simultaneously increased by 2.5% v/v and decreased by 0.5ºC, respectively.
These changes were sensitively reflected in ∆λMMI and ∆frep, as shown in Figs. 6a and 6b, respectively. By using Eq. 3, ∆C and ∆T were determined, as shown in Figs. 6c and 6d. Both ∆C and ∆T could be determined with reasonable precisions even with the simultaneous changes in sample temperature and concentration. These results indicated the feasibility of the MMI-OFC sensing cavity for the temperature-compensated RI sensing or the simultaneous measurement of the material-depended RI and the sample temperature. 
Discussion
In the proposed MMI-OFC sensing cavity, the RI sensing with temperature compensation was realized by observing the optical spectral shift ∆λMMI and the RF spectral shift ∆frep. Our finding is that the material-dependent RI and the sample temperature can change both the ∆λMMI and ∆frep, although with different slope coefficients. First, we discuss the detection mechanism to corroborate the regularity of the slope coefficient matrix in Eq. (2).
The interference wavelength λMMI is determined as the following equation [9] , 
where nMMF is the RI of the MMF, LMMF is the geometrical length of the MMF, DMMF is the effective core diameter of the MMF, nsam is the RI of the target sample, and m is the interference index of the MMI fiber sensor. The concentration of the sample can change the RI of the sample. The temperature of the sample can change not only the RI of the sample via the thermo-optic effect but also the RI of the MMF, the length of the MMF and the diameter of the MMF via the thermo-optic effect or the thermal expansion effect. Thus, the partial derivatives of λMMI against concentration and temperature are given by,
In contrast, as shown in Eq. 1, the repetition frequency frep is a function of cavity parameters, including the geometrical length of the fiber cavity, which would be modulated by the diameter and the length of the MMF, and the RI of the fiber cavity. The repetition frequency frep is also a function of the RI of the sample because the RI-dependent wavelength shift of the MMI fiber sensor must change the optical length of the cavity via the wavelength dispersion of the cavity fiber. In the same manner as the interference wavelength λMMI, the partial derivatives of frep against concentration and temperature are given by, Therefore, the discriminant equation of the coefficient matrix of Eq. 2 can be expressed with Eqs.
4-7 as follows,
According to the discriminant equation of the coefficient matrix, the importance of the detection mechanism is the presence of the temperature dependent changes of the MMI fiber sensor, i.e., the RI, the geometrical length and the diameter of the MMF. Since our results indicated that the discriminant equation is not 0, in other words, the slope coefficient matrix is regular, the presence of the temperature dependent MMF change effectively utilized for the simultaneous measurement of the RI sensing with temperature compensation with the MMI-OFC sensing cavity.
We also discuss the validity of the slope coefficients of the ∆λMMI and the ∆frep. These slope coefficients are determined by the concentration-dependent and temperature-dependent change of sample RI nsam. In general, it is known that the water/ethanol mixture shows a concentrationdependent RI change on the order of 5×10 -4 (RIU/% v/v) [30] and temperature-dependent RI change on the order of 1×10 -4 (RIU/℃) [31] . Therefore, these RI changes are comparable to each other, as shown in our results. In our previous research, the RI sensitivity of the MMI sensor used in this experiment was 130.3 nm/RIU [13] . From these values, the concentration-dependent and This value is in reasonable agreement with measured values. The difference between them is mainly due to the temperature fluctuation of the optical fiber near the sensing region.
Conclusion
In conclusion, we proposed an RI sensing method with temperature compensation by using an MMI-OFC sensing cavity. We provided a proof-of-principle demonstration of the proposed method by the simultaneous measurement of temperature-and concentration-dependent spectral shifts of ∆λMMI and ∆frep slopes, realizing the simultaneous measurement of temperature and concentration of a liquid sample. We expected that the RI sensing with temperature compensation based on the MMI-OFC sensing cavity will be an effective way to precisely characterize and identify materials in various fields and opens a new aspect of OFC-based instrumentations. 
